Glomerular Injury in Domestic Cats and the Iberian Lynx (Lynx pardinus): A Comparative Review 107 encompassed by the capillary basement membranes and reabsorbed (Valaitis, 2002; Newman et al, 2007) . If antigenemia persists, glomerular capillary basement membranes are damaged beyond repair and undergo sclerosis. In this phase, renal basement membrane type IV collagen is replaced by abundant type III collagen (Martinez-Hernandez & Menta, 1983; Haralson et al, 1987) . The membranes are no longer able to reabsorb immune deposits and the glomerulus terminally undergoes fibrosis with ultimate loss of the nephron (Valaitis, 2002) . It is not uncommon to find various stages of membranous glomerular damage and sclerosis in a single case, particularly in those classified as most severe (Valaitis, 2002; Newman et al, 2007) . In the domestic cat, the immunoglobulin (Ig) deposits are frequently IgG or IgM and only rarely IgA . The location, composition and granular deposition of these deposits suggest that they are of immune-complex origin (DiBartola & Rutgers, 1994 Grant Maxie & Newman, 2007) . However, in the majority of cases the type of antigen is not identified and therefore the disease is considered idiopathic and primary (Nash et al, 1979; Grant Maxie & Newman et al, 2007) . Membranous glomerulonephritis in the cat is usually progressive, age related and generally sufficiently slow for the animals to live a relatively normal life, even without treatment (Nash et al, 1979) . Although, once renal failure ensues the outcome is fatal and treatment options are only palliative (Nash et al, 1979; DiBartola & Rutgers, 1994) .
Membranoproliferative glomerulonephrits
Membranoproliferative glomerulonephritis is also a chronic, progressive renal disease, characterized by mesangial hypercellularity and diffuse thickening of capillary basement membranes and mesangium (Valaitis, 2002; Newman et al, 2007) . According to the World Health Organization classifications of human glomerular diseases, there are three subtypes based on morphologic appearance. The changes that permit classification are not perceivable with light microscopy and have to be detected by immunofluorescence, immunohistochemistry or electron microscopy. Type I is characterized by subendothelial immune deposits in a granular pattern of immunogloulins and complement components such as C3. Type II is characterized by intramembranous dense deposits of unknown composition and smaller quantities of complement. This type is also known as "dense deposit disease" and is suspected to be associated with autoimmunity. Type III is characterized by subendothelial and subepithelial deposits . All three subtypes have been reported in domestic animals including cats . Type I is rare in the cat (Asano et al, 2008) and type III has only been reported in the cat (Inoue et al, 2001 ). Asano and collaborators (2008) described a single case of type I membranoproliferative glomerulonephritis in a young male Japanese domestic cat with nephrotic syndrome. Histopathology of a biopsy sample revealed mesangial hypercellularity with increased matrix and thickening of glomerular capillary basement membranes consistent with membranoproliferative glomerulonephritis. Double contours of glomerular capillary walls were also observed. Subendothelial and rare intramembranous dense deposits were identified ultrastructurally. No underlying infectious or other diseases were identified in this case. Type III membranous glomerulonephritis has not been reported in domestic animals except rarely in the cat. Inoue and collaborators (2001) described a case of atypical membranous glomerulonephritis consistent with the type III category of the human classification system. The case involved a two year old Japanese domestic cat with clinical evidence of glomerular injury and renal failure. Granular deposits of IgG and C3 in capillary walls and mesangium were identified by immunohistochemistry and subepithelial, subendothelial and intramembranous depostis were noted by electron microscopy. Both antibodies against feline infectious peritonitis and feline immunodeficiency viruses were detected in this animal however the relationship between infection and the renal lesions was unclear (Inoue K et al, 2001) . Additionally, in 1978 a case series of 63 domestic cats revealed that one third of animals had glomerulonephritis possibly related to feline leukemia virus infection and associated viral hematopoietic neoplasms (Glick et al, 1978) . The authors did not give a morphologic classification of the type of glomerulonephritis but described diffuse mesangial proliferation on light microscopy and electron dense subendothelial, subepithelial and intramembranous deposits. This description would closely fit with a type III membranoproliferative glomerulonephritis.
Fibrillary glomerulopathies
Fibrillary glomerulopathies are a specific category of human glomerular disease in which pathologic fibrillary materials are observed in the glomerulus (Korbert et al, 1994; Schwartz, 2007) . The first step for diagnosis is to differentiate amyloid from other fibrillary deposits with either specific stains such as Congo red or ultrastructural evaluation (Korbert et al, 1994) . To date glomerular amyloidosis, collagenofibrotic glomerulopathy and noncongophilic fibrillary glomerulopathy have been described in the domestic cat (Boyce et al, 1984; DiBartola et al, 1986; Nakamura et al, 1996; Cavana et al, 2008) .
Glomerular amyloidosis
Amyloidosis is a known cause of glomerular injury in cats (Boyce et al, 1984; DiBartola et al, 1986; Van der Linde-Sipman et al, 1996) . Amyloid is an extracellular fibrillar proteinaceous substance produced after incomplete proteolysis of several soluble amyloidogenic proteins. This substance is not a distinct chemical entity despite its uniform appearance and staining properties. Ultrastructurally, amyloid is composed of continuous, nonbranching fibrils of approximately 7.5 to 10 nm in diameter. Protein fibrils have a beta-pleated sheet conformation which confers the distinctive coloration and birefringence with Congo red staining (Kumar et al, 2010) . Several clinical settings course with different types of amyloid deposition. Reactive systemic amiloidosis (or secondary amyloidosis) is the most common form in domestic animals, including the cat (Van der Linde-Sipman et Gruys, 2004) . Amyloid is derived from serum protein AA (serum amyloid associated), and is produced in excess as a result of chronic antigenic stimulation (inflammatory, infectious or neoplastic conditions) (Obici et al, 2005; Kumar et al, 2010) . Another form is immunoglobulin-derived amiloidosis (primary or AL), in which amyloid is produced from immunoglobulin light chains in plasma cell dyscrasias as a product of monoclonal B-cell proliferation (Obici et al, 2005; Merlini et al, 2011) . This type of amyloidosis is uncommon in domestic animals but has been described in the dog, cat and horse (Platz et al, 1997; Kim et al, 2005) . Both AA and AL amyloidosis occur in systemic or localized forms (Merlini et al, 2011) . In the cat, particularly in Siamese and Oriental breeds, systemic AA is the most frequent type of amyloid (van der Linde-Sipman et al, 1997). AA amyloid has been described in liver, spleen, lung, pancreas and kidney (van der Linde-Sipman et al, 1997; Zini et al, 2008) . On the contrary, AL amyloidosis in the cat has been reported localized within neoplastic tissue of extramedullary plasmacytomas (Platz et al, 1997) . For the purpose of this chapter we will discuss only renal amyloidosis in cats. In the glomerulus, amyloid is first deposited in the mesangial area and subendothelium of glomerular capillaries and gradually accumulates compressing and obliterating endothelial and epithelial cells, and capillary loops. Amyloid is also deposited in the tubular basement membranes of the cortex and medulla. The physical presence of amyloid causes ischemia and pressure atrophy of the nephrons and susequently secondary scarring (Grant Maxie & Newman, 2007) . The cat differs from other species in that amyloid is deposited predominantly in the renal papilla and outer medulla with lesser involvement of the glomeruli (Grant Maxie & Newman, 2007) . Familial secondary amyloidosis is a known entity in Abyssinian cats (Boyce et al, 1984) . In these animals, amyloid can have a systemic distribution affecting organs such as thyroid glands, stomach and colon, however clinical lesions are usually only related to renal amyloidosis (DiBartola et al, 1985) . Similar to other cases of secondary amyloidosis in the cat, the glomeruli are less affected than the medullary interstitium (DiBartola et al, 1985; Grant Maxie & Newman, 2007) . The mode of inheritance is still undetermined but some studies suggest a likely autosomal dominant trait with incomplete penetrance (Niewold et al, 1999) .
Collagenofibrotic glomerulonephropathy
In various human and animal renal diseases, collagen fibrils accumulate in the mesangium as a secondary change to various glomerular injuries, including chronic forms of any of the previously described glomerulonephritis (Valaitis, 2002) . Fibrillar collagen such as type III collagen should not be present in the glomerulus. Glomerular capillary basement membranes contain type IV collagen which is arranged in sheets instead of fibrils. Only small amounts of type III collagen are found in the renal interstitium and interstitial capillary basement membranes (Martinez-Hernandez & Menta, 1983; Kumar et al, 2010) . Collagenofibrotic glomerulonephropathy or primary glomerular fibrosis, is a type of primary nephropathy in humans characterized by an abundant accumulation of type III collagen in the glomerular subendothelial spaces and mesangium and marked increase in serum of type III procollagen peptides (Alchi et al, 2007; Ikeda et al, 1990; Shirota et al, 1995; Nakamura et al, 1996) . Collagen fibrils show characteristic structural abnormalities displaying frayed or spiral forms and marked disarray (Ikeda et al, 1990) . The cause and pathogenesis are unknown and whether the disease is primary or secondary to systemic disease remains controversial (Alchi et al, 2007) . Spontaneous renal diseases with collagen fibril deposition are rare in domestic animals but some cases have been described in dogs, pigs and cats (Koeman et al, 1994; Shirota et al, 1995; Nakamura et al, 1996) . Nakamura and collaborators (1996) reported a case of renal glomerular fibrosis in a young female Japanese domestic cat with clinical evidence of renal failure. Histopathology revealed that most glomeruli contained mesangial sclerosis and capillary collapse. Immunohistochemistry identified the matrix content as type III collagen. Collagen fibrils were also identified in mesangial and subendothelial areas by electron microscopy and the structural characteristics resembled human collagenofibrotic nephropathy. The cause for these collagenofibrotic glomerulopathy-like lesions was not identified and thus were considered of primary origin. This cat was serologically positive for feline leukemia virus, however the authors did not consider an association between infection and and the renal lesions. Serum concentrations of type III procollagen peptides were not evaluated in the feline case.
Noncongophilic fibrillary glomerulonephritis
Noncongophilic fibrillary glomerulonephritis is believed by some authors to represent a new entity among the primary glomerulonephritis (Alpers, 1992; Schwartz et al, 2002) . This disease is characterized by randomly oriented, non-branching fibrils of approximately 10-22 nm diameter in the mesangial matrix and glomerular capillary basement membranes of glomeruli. Fibrils are heterogeneous and appear to be of immune complex origin. The exact chemical nature of the fibrils remains unknown (Alpers, 1992; Schwartz et al, 2002; Hvala et al, 2003) . A single case of noncongophilic fibrillary glomerulonephritis has been reported in an adult female European shorthair cat with clinical evidence of renal disease (Cavana et al, 2008) . The renal lesions consisted of thickened glomerular capillary basement membranes and Bowman´s capsules. Capillary basement membranes were PAS positive and Congo red negative. Electron microscopy revealed subepithelial and subendothelial randomly scattered fibrillary deposits in the capillary basement membranes. Fibrils were larger than amyloid fibrils, measuring between 18-26 nm in diameter. Mesangial expression of IgG and IgM was detected by immunohistochemistry. The animal had a lymphoplasmacytic enteritis that was considered a possible source of immune stimulation. Concomitant systemic diseases, such as inflammatory, autoimmune or neoplastic processes, have been occasionally associated with this entity in humans (Ozawa et al, 1991; Masson et al, 1992; Hvala et al, 2003) .
Glomerular injury in the Iberian lynx
Uncommon diseases are often described in non-domestic endangered animals, many times associated with deficient genetic diversity, captivity conditions or both. Little has been reported on health aspects of the Iberian lynx and research on this approach has become a priority for current conservation programs. There have been several cases reported of Mycobacterium bovis infection in the Iberian lynx (Briones et al, 2000; Aranaz et al, 2004) . Disease was likely acquired by preying on infected animals (Briones et al, 2000) . Our group also reported a generalized immune depletion apparently unrelated to infectious agents or other systemic diseases after evaluating lymphoid tissues in a representative portion of the population during the years 1998-2003 (Peña et al, 2006) . A feline leukemia virus infection outbreak in the Doñana National Park population of Iberian lynxes was reported during a six month period between 2006 and 2007 (Meli et al, 2010 (Meli et al, , 2011 . During this period, six animals died presumably due to the infection (Meli et al, 2011) . Sequence analysis revealed homology with a strain originally identified in domestic cats suggesting co-infection between species (Meli et al, 2011; Geret et al, 2011) . Prior to this time, the reported prevalence of feline leukemia virus in the same population was relatively low (Luaces et al, 2008 ) and evidence of lesions or death directly associated with the viral infection was unknown.
During the years 1998-2006, a thorough histopathological investigation on necropsied Iberian lynxes revealed the presence of glomerulonephritis in an important percentage of the surviving population, both free-ranging and captive (Jiménez et al, 2008) . The disease was chronic, progressive and age related. None of the animals in this study died from renal disease nor was there evidence of clinical disease in the small percentage of animals with available urinalyses. Proteinuria and low urine specific gravity were detected in few of these animals which may suggest some degree of glomerular filtration impairment. However the quality and accuracy of the samples and obtainment methods were unaccounted for and thus interpretation of these results may be inexact. Histopathology of the glomerular lesions revealed a focal, diffuse membranous glomerulonephritis of variable severity in all animals regardless of their age, sex and captivity or free-ranging conditions. The only exception was found in a 44 day old cub without any evidence of renal lesions. The number and severity of affected glomeruli varied within samples and these factors were used to evaluate the overall severity of the disease in each animal. Glomerular changes included segmental to diffuse glomerular capillary basement membrane thickening, decreased glomerular tuft cellularity, diffusely enlarged Bowman´s epithelium, synechia between glomerular tufts and Bowman´s capsules and Bowman´s capsule fibrosis. In more severe cases the number of sclerotic glomeruli increased within the sample. Glomerular capillary basement membranes appeared thickened with PAS and silver stains ( Fig.1 and Fig.2) , and in sclerotic glomeruli, the mesangium stained blue with Masson´s trichromic stain revealing the presence of collagen (Fig.3) . Additional changes in the renal parenchyma included interstitial lymphoplasmacytic aggregates and fibrosis (Fig.3) , and intratubular mineralization and protein casts. Both fibrosis and inflammation were significantly associated with severity and together with the glomerular sclerosis, were considered secondary to the membranous glomerulonephritis and not primary changes. Increased amounts of laminin, type IV collagen and fibronectin were identified in affected basement membranes. As the severity of the lesions increased, glomerular tufts contained higher amounts of laminin and the amount of type IV collagen decreased. IgG and IgM were identified in early lesions and expectedly were negative in sclerotic glomeruli. As was previously mentioned when describing membranous glomerulonephritis, immune complexes are present during initial stages and as severity progresses, the capacity of basement membranes to reabsorb these complexes is hindered. IgA was consistently negative. Readers are referred to Jimenez et al, 2008 for a more detailed discussion on these cases. Electron microscopy of selected samples showed irregularly thickened up to twice normal width glomerular capillary basement membranes (Fig.4) . Sparse intramembranous, large, scattered, irregular electron-dense deposits were noted, often surrounded by electron lucent spaces (Fig.5) . Similarly, randomly distributed electron lucent areas in the capillary basement membranes were observed and interpreted as areas of immune deposit resorption. Foot processes in affected areas were variably blunted, fused or effaced. Degeneration of endothelial cells and rarely epithelial cells was also observed. The presence of IgG and IgM was corroborated within the electron dense deposits with immunogold labeling (Fig.6 ). Electron dense deposits were not observed in subepithelial or subendothelial areas (Jimenez et al, 2008) . No fibrillary deposits of any type were noted within the sampled areas, ruling out amyloidosis or other fibrillary glomerulopathies. Sclerotic glomeruli would have been expected to contain some amount of fibrillar collagen accumulation given the intensely blue staining with Masson´s trichromic stain, however only moderate membranous lesions were sampled for electron microscopy. The ultrastructure of sclerotic glomeruli was not evaluated. The origin of the circulating immune-complexes is elusive and the membranous glomerulonephritis of the Iberian lynx remains idiopathic for the majority of cases. Hence this disease may be a primary affection in the Iberian lynx. Only a small number of animals showed evidence of systemic diseases such as mycobacteriosis or malignant neoplasms (cutaneous squamous cell carcinomas) (Jimenez et al, 2009 ). Both processes are chronic, course with debilitation and are known causes of persistent antigenemia that may be associated with immune-complex glomerulonephritis. Feline coronavirus and feline leukemia viruses were rarely detected by PCR in the animals during the 1998-2006 study period and never associated with histopathological evidence of disease. It is unlikely that in these instances the renal lesions were related with infection. However, even if an association between antigenemia in these cases and the membranous glomerulonephritis existed, there would still be an important number of animals in which the origin of the immunecomplexes remained unaccounted for. Immune deposits were also detected by immunohistochemistry and electron microscopy in approximately 76% of the spleens from animals during the 1998-2006 study period. Deposits were located in splenic arteriolar basement membranes. These basement membranes were also thickened, particularly in areas with the deposits. Similar electron-lucent spaces surrounded the electron dense deposits. Immunoglobulins were also identified as IgG and IgM (Fig.7) . This finding conveys the possibility of a systemic immune-complex disease of uncertain etiology also responsible for the glomerular lesions. An autoimmune origin for this disease was speculated given the apparent lack of a defined cause for the lesions and that lesions do not appear to be secondary to tissue damage (Jimenez et al, 2009; Jacobson et al, 1997 ). An inherited cause for this disease has also been hypothesized. Given the low genetic diversity of the Iberian lynx (Johnson et al, 2004) , an inherited trait or predisposing genetic condition could easily show in a high number of the population. These possibilities together with the identification of the circulating causative antigens are currently under study. Despite the prevalence of these lesions within the population, the progress appeared to be slow. Animals seem to be able to live normally. This is similar to what is observed in domestic cats with membranous glomerulonephritis. However, the impact and consequences of this disease are yet far from known and caution on how this species will be able to confront overlapping renal injuries is warranted. It is interesting to mention that glomerular lesions have also been described in other nondomestic felids. The most important have been secondary to systemic amyloidosis. Systemic AA amyloidosis has been described in black-footed cats (Felis nigripes) and cheetahs (Acinonyx jubatus) (Terio et al, 2008; Papendick et al, 1997) . In both species, despite the systemic distribution, renal amyloidosis was the significant cause of morbidity and mortality. It is interesting to highlight that in the cheetah amyloidosis was associated with underlying systemic inflammatory diseases and was only observed in captive animals (Papendick et al, 1997) . Contrarily, in the black footed cats amyloidosis was not associated with inflammatory conditions and was also detected in a young, free-ranging animal. Familial amyloidosis is suspected in this species (Terio et al, 2008) . In both species, amyloidosis was more severe in the medulla than in glomeruli, similar to what is observed in domestic and Abyssinian cats. Glomerulosclerosis has also been described in captive cheetahs. The lesion resembled human diabetic glomerulopathy. Hypertension, possibly associated with stress, dietary, and genetic factors, was speculated as a possible cause for the disease (Bolton & Munson, 1999) . Primary glomerular injury was considered a rare condition when surveying renal lesions of non-domestic felids of some zoological collections (Newkirk et al, 2010) . Glomerular lesions similar to those described in the Iberian lynx with high prevalence in the free-ranging population as well as in captivity, and apparent primary origin, have not been described in other non-domestic felids.
Conclusions
The comparative study of diseases among different species often helps respond questions and elucidate unsolved enigmas of pathogenesis. The glomerular disease here reported appears to be unique for the Iberian lynx when considering non-domestic felids. The fact that this disease has not been reported previously in other non-domestic felids does not mean a similar entity may not exist. The study of these species is often difficult given the many interfering factors usually revolving these animals. Such factors include difficult access to wild-life populations, sample numbers compromised due to endangerment or limited access to captive populations among others. Often information is limited when encountering certain diseases or other situations regarding health and answers many times are sought in comparative pathology. The purpose of this review was to compare the membranous glomerulonephritis of the Iberian lynx with the different types of glomerular injury reported, particularly in the domestic cat because of the close relationship and the extensive research available on the latter. Hopefully, the continuous study of these diseases will reveal new insights on pathogenesis, treatment or even prevention of these entities.
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